A comprehensive study was made of the effec ts of notc h geometry on the mec hanical behavior of a duplex-annealed titanium-8 aluminum-1 molybdenum-1 vanadium all oy within th e te mperature range 75 to 1200 of (297 to 921 O K). Yi eld strength , tensile strength , and true stress at fracture increased with increase in notc h depth and decrease in notch angle and te mperature. The maximum strength (tensile and yield) properties were obtained for the cylindrical specim ens having a root radiu s of O.OI -inch. Gen erally , th e increase in tensile propertie s was ac co mpani e d by a decrease in red uc tion of area values . The mi cros tru ctures and the initiation and propagation of fra cture of the spec imens were affected by th e notch geo metry and test temperature.
Introduction
Although many papers hav e been published d escribing the influence of notch geometry on the mechanical be havior of metals, only limited data are available from which consiste nt inte rpretations can be made when unnotched and notched cylindrical sp ecimens having circ ular cro ss section are used. Brown and coworkers [1 ] 1 have recently mad e an extensive literature s urvey of high temperature properties of notched spe cimens. Geil and Carwile [2 , 3] and Geil [4] have m ade compre he nsive studies on the behavior of titanium alloys and the mechanisms of deformation of stainless steel at low te mperatures. The present study was undertaken as a part of a general program design ed to evaluate fundamental factors affecting flow, frac ture, and du ctility of metals at elevated te mperatures.
Material, Specimens, and Test Procedures
The experimental program included short-time tensile tests at 75 to 1200 OF (297 to 921 OK) on unnotched and notched cylindrical specimens of a duplexannealed Ti-8 AI-I Mo-I V alloy.
The test specimens were prepared from bars obtained from a single heat of the titanium alloy. The bars were supplied by the manufacturer in the form of I-in. rounds in the hot-rolled and annealed condition. The ch emical composition of the alloy is given in table 1.
I Figures in brac ke ts indicate th e lit era ture refe rences a l the e nd of thi s paper. The bars were cut into lengths, each about 6.5-in. and annealed at 1750 OF (1226 O K) for 1 hr and aircooled. This was followed by a s tabilizing anneal for 8 hr at 1050 O F (838 O K). The specimens we re then air-cooled. This process, called duplex annealing, is recommended by the manufacturer for obtaining a good co mbination of properties at high te mperatures.
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Each unnotched specimen had a 2-in. gage length and a gage diameter of 0.357 in. The reduced section was finished by grinding and polishing in the axi'al direction.
Each of the notched specimens had a circumferential V-notch of a predetermined notch angle and a root radius at the midpoint of the specimen. The root diameters were held constant at 0.357 in. while the diameters of the redu ced sections were varied to produce notch depths of 10, 30, 50, 70, or 85 percent. 2 The different co mbinations of notch angles, notch depths, and root radii used in this investigation are shown in table 2. Each tensile specimen was heated in air in a tube furnace to the desired temperature (above 75 OF), held for 1 hr, and tested at temperature. The movement of the crosshead of a hydraulic machine was controlled to produce the same rate of strain for all the specimens tested to fracture. This rate was about 1 percent per minute_
Results and Discussion
Some of the tensile properties of both the notched and unnotched specimens are shown in figures 3 to 12. The data are average values obtained from tests on different specimens tested under the same conditions. Yield strength values for the unnotched specimens were calculated by the 0.2 percent offset method.
Yield strength values for the notched specimens were based on the stress at the first observable occurrence of plastic deformation. These values were further confirmed by load-time observations made throughout the tests . True stress at fracture values were calculated by dividing the load at fracture by the crosssectional area of the specimens after fracture .
A small yield point drop was observed for all unnotched specimens tested at 75 and 300 O F (297 and 422 OK). The difference in stress between the upper and lower yield points was approximately 300 psi. At 600 and 800 O F (588 and 699 O K), no discontinuous flow was evident. At 1000 and 1200 O F (811 and 921 OK) wavy stress-strain curves of the type generally associated with extensive recovery or recrystallization were observed after the attainment of maximum load conditions.
The influence of temperature on tensile strength, yield strength and elongation of the unnotched specimens is shown in figure 3 . The slope of the strengthtemperature curve increases with increase in temperature up to 700 OF (644 O K). Thereafter this slope decreases as the temperature is increased. Apparently, the mechanisms associated with deformation of the alloy change near 700 O F as indicated by the rapid increase in the slope of the elongation-temperature curve. The possibility of changes in active slip systems in commercially pure titanium has also been mentioned [6] as a probable cause of this phenomenon.
The effect of notch geometry on yield and tensile strength of specimens tested at different temperatures is shown in figures 4 and 5. The shapes of the yield strength curves ( fig. 4 ) are similar to those of the corresponding tensile strength curves (fig. 5). Although little or no plastic deformation is associated with the yield strength values, plastic deformation with its accompanying strain hardening effects plays an important part in the determination of the tensile strength of the alloy.
The increase of elastic stress concentration factor is a cause for the increase in both the yield and tensile strength. However, increase in notch depth (figllr~s 4B and .5B) is a more effective strengthener than decrease in notch angles or root radius. For example, decreasing the notch angle from 150 to 0° had prac~ tically no effect on the strength values between 600 4B and 5B) indicate the existence of a notch depth for which the rate of change of strength with notch depth is a maXImum.
Another series of tests were run on specimens having a different root radius from those described in figures 4B and 5B to ascertain whether the conclusions drawn from one group of specimens were generally applicable when only one variable in the notch geometry was changed. The results shown in figure 6 were obtained on notched specimens having elastic stress concentration factors varying from 1.4 (10 percent notch depth) to 1. 7 (85 percent notch depth) whereas data shown in figures 4B and 5B are for specimens having elastic stress concentration factors from 2.7 (10 percent notch depth) to 4.2 (85 percent notch depth).
Tensile and yield strength values for specimens having an O.lO·in. root radius ( fig. 6A and B) were consistently lower than corresponding values for the specimens having an O.Ol·in. root radius (figs. 4B and 5B). A general trend of increase in strength with increase in notch depth was observed for both notch geometries; however, the shapes of the curves at 600 and 800 OF were markedly affected by the increase in root radius from 0.01 to O.lO·in. That is, the speci· mens, having the O.l·in. root radius, show a continuous increase in strength, at a decreasing rate, with increase in notch depth at these temperatures ( fig. 6Aand B) ; whereas, the corresponding curves for the specimens having an O.Ol-in. radius have a sigmoidal shape (figs . 4B and SB).
True stress at fracture inc reased with inc rease in notch depth and with decrease in test temperature as shown in figure 6C . These data give further e vidence that, even at high temperatures and large strains , work hardening and fracture strength are dependent on the initial stress concentration factor.
One means of assessing the notch sensitivity of a metal is by calculating the ratio (R) of the tensile strength of the notched specimen to the tensile strength of the unnotched specimen at the same tem-8 ELASTIC STRESS CONCENTRATION FACTOR I 1.4 1.6 1.6 1.6 1.7 I 1.4 1.6 1.6 1.6 1.7 I 1.4 1.6 1.6 1.6 1.7 perature. The effect of temperature on the se ratios is shown in figure 7 . For most of the specime ns, the value appeared to be the highest at 1000 O F . Furthermore, it was more dependent on notch depth (ND) than on notch angle (NA) or root radius (RR). For an equal range of notc h depths the spread in values is greater as the root radius is decreased ( fig. 7 A and B) , However, there is a limiting value of root radius between 0.003 and O.l-in. at which the "R" values begin to decrease with decrease in root radius ( fig. 7C ).
ELASTI C ST RES S CO NCENTRATION FACTOR
3.9 3.9 3.9 3.7 2.2 I I 2.6 3.5 3.9 4.2 4.2 6.7 3.9 Reduction of area values for un notched specimens are included for co mpariso n purposes .
The "R" values for 30 and 60° notch angles are not included in figure 7D as they lie between those for the zero and 90° notc h angles. This is rather expected as, within limits , the angles have little effect on the 9 s tress concentration factors for specimens with the sam e notch depth, root radius, and diameter. For example, the stress concentration fac tor for the 90° angle specimen is 3.7 and for the 0° angle it is 3.9.
The effe cts of notc h geo me try and te mperature on reduction of area valu es are show n in fi gures 8 and 9 . In general, reduction of area values increased with inc rease in notc h angle ( fig. 8A ) a nd root radius (fi g. 8e) and with decrease in notc h depth from 70 percent to zero (fig. 8B ). The anomalies occurring at 1000 and 1200 of ( fig. 8A ) are attributed to changes in recovery characteristics as the notch angles are c hanged. The cause of the inconsistent values for the s pecim e ns having an 85 percent notch de pth is not known.
Reduction of area values increased with increase in temperature for most of the s pecimens havi ng the same notch geometries as shown in figure 9 . As indicated in figure 9A the presence of any notc h causes some amount of embrittle ment. However, increasing the root radius reduces the amount of e mbrittle ment for all the conditions used (fi g. 9B). Although duplicate tests h ave co nfirm ed the test data for the 85 percent ( fig. 9A ) and the 50 perce nt notc h de pth specimens ( fig. 9B ) the reasons for the anomalies occ urring at the different te mperatures have n ot been disco vered .
The relationship between true strain and true stress at frac ture is shown in fi gure 10. True strain values in this figure are defined as l o~ (Ao/A), where Ao is the minimum cross-sectional area a t the root of the notc h before testing a nd A is the minimum area after fracture. The minima in figure lOA and the maxima in figure lOB indicate the exi s ten ce of intermedi ate true strain values for which work-hardening is, respec tively, least or most effective. This strain dependence is influenced by both temperature and stress sys tem. 
Metallography
Geil and Carwile [3] have indicated that the positioll of initiation of fracture for titanium specimens was more dependent on notch geometry than on temperature within the temperature range -320 to 212 of (77 to 373 O K). Fracture surfaces of some Ti-8 Al-l Mo-l V alloy specimens in the present investigation are shown in figure 11. Fracture at 75 of was initiated at or near the root of the notch. As the temperature was increased, the point of initiation progressed towards the axis. At 1200 of, fracture was initiated at the axis for all the specimens tested. Embrittlement effects associated with triaxiality were more predominant in the 85 percent notch dept!} specimens than in those with shallower notches. Furthermore, the more fully developed triaxiality conditions existed at lower temperatures for the specimens with the deeper notches. These observations indicate that, at high temperatures, the position of initiation of fracture and its mode of propagation are more dependent on test temperature than on the notch geometry.
Soltis [7] has observed that, during creep of Ti-8 Al-l Mo-l V alloy, voids were initiated at alpha grain boundaries in the vicinity of beta particles. In addition, Widmanstatten structure offered high resistance to deformation in smooth creep specimens of this duplex-annealed alloy. The effect of notch geometry on microstructures of specimens used in the present investigation is shown in figures 12, 13 and 14. Very few cracks were observed at the root radius of the notch ( fig. 12A , C, and E) or at the axis ( fig. 13A, C , and E) of the specimens tested to fracture at 75 of. However, a number of holes and secondary cracks were observed near the surface ( fig. 12B, D, and F) and near the center ( fig. 13B, D, and F Etched in a solution containing 3 ml HF, 6 ml HNO, . a nd 100 ml H20 . X55. mens fractured at 1200 of. The number and the size of the holes appeared to decrease as . the notch depth was increased.
Several examples of the regions in which cracks or holes were formed are shown in figure 14. An isolated crack traversing an area of Widmanstatten structure is illustrated in figure 14A for an. unnotched specimen fractured at 75 of, whereas at 1200 of the cracking was confined principally to the alpha grain boundaries ( fig. 14B) . A crack at the grain boundary of alpha grains that were formed from a metastable beta region in a 10 percent notch depth specimen is shown in figure 14C . Several cracks were observed in the region between alpha platelets and equiaxed alpha grains after fracture at 1200 of ( fig. 14D ). Rounded holes rather than well defined cracks occurred in the regions of equiaxed alpha grain boundaries of the specimens having an 85 percent notch depth. Generally, these were observed near the regions having Widmanstatten structure ( fig. 14E ) in specimens tested at 75 of while they were initiated near the vicinity of beta particles for specimens tested at 1200 of ( fig.  14F ). It is apparent that both sttess system and tern· perature had an effect on crack nucleation a.nd growth in this alloy. 
S. Summary
A. Short-time tensile tests were made to ascertain the effect of notch geometry and variation of temperature between 75 and 1200 of on the mechanical behavior of a duplex-annealed Ti-8 Al-1 Mo-1 V alloy.
B. Yield and tensile strength decreased and elongation and reduction of area values usually increased with increase in temperature. Strength values generally increased and ductility decreased with decrease in notch angle and root radius and with increase in notch depth. Isolated exceptions to these general trends were observed at 1000 and 1200 of, at 85 percent notch depth and at 0.003-in. root radius.
C. The notch strength-tensile strength ratio was the greatest at 1000 OF and was more dependent on notch depth than on root radius or notch angle.
D. Strength increased and ductility decreased with increase in elastic stress concentration factor and triaxiality. The manner in which these indicies changed was dependent on the tes t te mperature and the parame ters used in the evaluation of the data.
E. The point of initiation of fracture and its subse· que nt propagation were influenced by both tempera· ture and notch geometry. were evident in specimens tested at 1200 of . The number, size, shape, location, and distribution of the _ cracks were affected by notch geometry and temperature.
